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Nucleotide sequence of a functional cDNA for human thymidylate synthase
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ABSTRACT
We have determined the nucleotide sequence of a cDNA clone, pcHTS-l,

encoding human thymidylate synthase (5,10-methylenetetrahydrofolate: dUMP
C-methyltransferase, EC 2.1.1.45) which was previously isolated from a human
fibroblast expressible cDNA library and functional in mouse cells. The 1.6
kilobase cDNA insert of pcHTS-l encodes a subunit protein of 313 amino acid
(Mr=35,706) and its predicted amino acid sequence is highly conserved in many
regions including folylpolyglutamate and 5-fluoro-2'-deoxyuridylate binding
sites, when compared with those of Lactobacillus casei, Escherichia coli, and
bacteriophage T4. The cDNA contains in its 5'-untranslated region aWtriple
tandemly repeated sequence consisting of 90 nucleotides, which starts im-
mediately upstream of the ATG initiator codon, is very high in G+C content
(80%), and can form three possible interconvertible stem-loop structures.

INTRODUCTION

Thymidylate synthase (5,1 0-methylenetetrahydrofolate: dUMP C-methyltrans-
ferase, EC 2.1.1.45) catalyzes the conversion of deoxyuridylate to thymidylate.
The enzyme in eukaryotic cells is of particular interest not only for its
pivotal role in DNA biosynthesis in relation to the cell cycle (1,2), but also
for its involvement in induction of DNA double-strand breaks (3) and heritable
fragile sites associated with mental retardation (4) and possibly with certain
chromosomal rearrangements in neoplastic cells (5-7). To determine the
structure of the thymidylate synthase gene and the regulation of its ex-

pression at a molecular level, we recently cloned genomic DNA segments
partially encoding human thymidylate synthase from a mouse cell transformant
into X phage vector (8,9), and more recently isolated seven cDNA clones spe-
cifying human thymidylate synthase (10) from a human fibroblast cDNA library
constructed by Okayama and Berg (11). Two of them were shown to have activity
to stably transform mouse thymidylate synthase-deficient cells by expressing
human thymidylate synthase (10). The present report describes the nucleotide
sequence of the 1.6 kilobase cDNA in one of the clones, pcHTS-l, which encodes
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a subunit protein of 313 amino acids and contains a unique tandemly repeated
sequence in the 5'-untranslated region. The predicted amino acid sequence as
the first eukaryotic case was compared with those of prokaryotes.

MATERIALS AND METHODS
Enzymes, Chemicals and Strains

Restriction endonucleases were purchased from Takara Shuzo (Kyoto, Japan)
and New England BioLabs. T4 DNA ligase was obtained from Boehringer-Mannheim.
[a-32P]dCTP (400 Ci/mmol, 1 Ci=37GBq), M13 Cloning Kits and M13 Sequencing
Kits were from Amersham. A M13 Cloning Kit including M13 RF DNA mplO and M13
RF DNA mpll as cloning vectors and Escherichia coli K12 strain JM105 (&lac-
pro, thi, strA, endA, sbcB15, hsdR4, F'traD36, proAB, lacIZLml5) as a host
strain was used in this study.
DNA Isolation

Plasmid DNA of a cDNA clone pHTS-l (10) was prepared from chloramphenicol-
amplified cultures by detergent lysis (12). DNA restriction endonuclease
fragments were purified by agarose gel electrophoresis and recovered from the
agarose by the glass powder method (13).
DNA Sequence Analysis

A 1.9 kilobase XhoI fragment containing the cDNA insert was isolated in
high purity from the XhoI digest of pcHTS-l DNA. The XhoI fragment was di-
gested with restriction endonucleases, Sau3A, AluI, and PstI, and the re-

sulting fragments were subcloned into an appropriate site of M13 vectors using
M13 Cloning Kits according to the method of Messing (14) as described in the
"M13 cloning and sequencing handbook(Amersham)". The cloned recombinant M13
phage DNAs were sequenced by the dideoxy chain termination method (15) using
thin acrylamide gels (16), as described in the same handbook. Homologous and
complementary regions in DNA sequences were examined using the computor
program of Queen and Korn (17).

RESULTS AND DISCUSSION
Nucl eoti de Sequence

A human thymidylate synthase cDNA clone pcHTS-l which was functional in
the thymidylate synthase-negative mouse cells (10) was subjected to sequence
analysis. The restriction map of pcHTS-l indicated that a 1.9 kilobase
fragment excised from the plasmid by XhoI digestion contained an entire cDNA
insert corresponding to human thymidylate synthase mRNA (10). The nucleotide
sequence of the XhoI fragment was determined by the dideoxynucleotide chain
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Fig. 1. Restriction map of the cDNA insert in a human thymidylate synthase
cDNA cTone pcHTS-l and location of fragments used to determine the nucleotide
sequence. The top scale indicates the positions of nucleotides (in bases)
relative to the protein initiator codon beginning at position 1. The re-
striction map shown in the second line was obtained from the sequenced
structure of the cDNA insert. The protein coding region and untranslated
regions are indicated as a solid bar and open bars, respectively. Poly(A) is
shown as a hatched region. The flanking vector sequence regions are indicated
by thin lines. The arrows indicate the direction and extent of sequence de-
termination for each fragment analyzed. Symbols at the ends of the arrows
indicate the following fragments that were subcloned in M13 vectors and
sequenced by the dideoxy chain termination method (15): 0 , a XhoI fragment
containing the cDNA insert which was subcloned in the SalI sitte of M13 mpll;
*, fragments produced by Sau3A digestion of the XhoI fragment and subcloned
in the BamHl site of M13 mpTO; 0, fragments produced by AluI digestion of the
XhoI fragment and subcloned in the SmaI site of M13 mplO;i , fragment pro-
duced by PstI digestion of the XhoITFagment and subcloned in the PstI site of
M13 mplO.7estriction sites: AT,AluI; Ap, ApaI; Ba, BamHI; Bg, LjITi; Cl,
ClaI; Ha, HpaII; Hf, Hinfl; Hp, HpaI; Mt, MstI; Na, NaeI, Ps, PstI; Pv,
"F-II; RI, c RI; Sp,-FI; Su, SaMA; Tq,_'XI; Xh,--oI; Xn,__nI.

termination method (15). The fragments produced by digestion with Sau3A,
A1u, and PstI were subcloned with M13 cloning vectors (14), and the resulting
cloned DNAs were sequenced by the strategy illustrated in Fig. 1. Almost all
regions of both DNA strands were sequenced. The sequence thus determined is
shown in Fig. 2. The cDNA insert consisted of 1,524 nucleotides with 12
deoxyguanylate residues in an oligo(dG) tail at the 5'-end and about 100
deoxyadenylate residues in a poly(A) tract at the 3'-end. It is not known
whether an A residue adjacent to the oligo(dG) tail is a transcription initi-
ation site. The longest open reading frame begins with the methionine codon
at nucleotide positions 1-3 and extends over a stretch of 939 base pairs.
This reading frame can encode a protein of 313 amino acids with a Mr of
35,706, which is close to the Mr (about 33,000) of human thymidyalte synthase
detemined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (18,
19). The sequence from amino acid residue 2 to 25 deduced from this reading
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-105 GGGGG -101

-100 GGGGGGGACCACTTGGCCTGCCTCCGTCCCOCCGCGCCACTTGGCCTGCCTCCGTCCCGCCGCGCCACTTCGCCTGCCTCCGTCCCCCGCCCGCCGCGCC -1

1 ATG CCT GTG GCC GGC TCG GAG CTG CCG CGC CGG CCC TTG CCC CCC GCC GCA CAG GAG CG GAC GCC GAG CCG CGT 75
Met Pro Val Ala f,ty ,er Glu Leu l:ro Arg Avg Pro beu 1ro l'ro Ala Ala Gln Glu Arg Asp Ala Giu Pro Arg

10 20

76 CCG CCG CAC GG0 GAa CTG CAG TAC CTG GGG CAG ATC CAA CAC. ATC CTC CGC TGC GGC GTC AGGAAGGAC GAC CGC 150
Pro Pro His Gly C'u Leu Gin l'r Leu Gly Gin Ile Gln His lie Leu Avg Cys Gly Val Arg Lys Asp Asp Arg

30 40 50

151 ACG GGC ACC 0GC ACC CTG TCG GTA TTC GG0 ATG CAG GCG CGC TAC AGC CTG AGA GAT GAA TTC CCT CTG CTG ACA 225
Thr Gly hyr Gly Thr Leu Ser Val Phe Gly Met Gln Ala Arg Tyr 3er Leu Arg Asp Glu Phe Pro Leu Leu Thr

60 70

226 ACC AMA CGT GTG TTC TGG AAG GGT OTT TTG GAO GAG TTG CTG TOG TTT ATC MOG GA TCC ACA AMT GCT AM GA6 300
Thr Lys Avg Vao Phe Trp Lys Gly Val Leu Glu Gizu Leu Leu Tsp Phe lie Lys Gly Ser Thr Aen Ala Lye Giu

80 90 100

301 CTG TCT TCC MG GGA GTG MA ATC TGG GAT GCC AAT GGA TCC CGA GAO TtT TTG GAC AGC CTG GGA TTC tCC ACC 375
Leu Ser Ser Lys Gly Val Lys Ile Tsp Asp Ala Asn Gly Ser Arg Asp Phe Leu Asp Ser Leu Gly Phe Ser Thr

110 120

376 AGA GA GAA GGG GAC TTG GGC CCA aTT TAT GGC tiC CAG TGG A66 CATmGT G GCA GM tAC AAGATATG GAA 450
Arg Giu Giu Gly Asp Leu Gly Pro VaI Tyr Gly Phe Gin Trp Arg His Phe Gly Ala Gtu Tyr Arg Asp Met Giu

130 140 150

451 TCA GAT TAT TCA GGA CAG GGA GtT GAC C CTG CAA AGA GTG ATT GAC ACC ATC AM ACCMC CCT GAC 6 AGA 525
Ser Asp Tyr Ser GCy Gin Gly Val Asp Gin Leu Gin Avg Val Ile Asp Thr Ile Lys Thr Asn Pro Asp Asp Arg

160 170

526 AGA AtC ATC ATG TGO GCT TGG AMT CCA AGA GAT CUT CCT CTG ATG GCG CtG CCT CCA TGC CAT 0CC CTC TOC CAM 600
Arg IZe Ile Met Cys Ala Trp Asn Pro Avg Asp Leu Pro Leu Met Ala Leu Pro Pro Cys His Ala Leu Cys Gin

180 190 200

601 TTC TAT GTG TGt MC AGT GAG CTG TCC TGC CAG CTG TAC CAG AGA TCG GSA GAC ATG GG0 CTC GGT GTG CCT TTC 675
Phe Tyr Val Val Asn Ser GCu Leu Ser Cys Gin Leu Tyr Gin Arg Ser Gly Asp Met Gly Leu Giy Val Pro Phe

210 220

676 MC AtC GCC AGC TAO GCC CTG CTC ACG TAC ATG AUT GCG CAC ATC ACG GGC CTG AG CCA GGT GAO TTT ATA CAO 750
Asn Ile Ala Ser Tyr Ala Leu Leu Thr Tyr Met Ile Ala His Ile Thr Gly Leu Lys Pro Gly Asp Phe Ile His

230 240 250

751 ACTTTtG GGA OAT GCACAT TTAC CTG MT CAC ATC GAG CCA CTG MA AT CAG CTT CA CGA GM CCC A CCT 825
Thr Leu Gly Asp Ala His Ile Tyr Leu Asn His rle Glu Pro Leu Lys rle Gin Leu Gin Avg Glu Pro Arg Pro

260 270

826 TTC CCA AAM CTC AGa ATT CTT CGA A GTT GAG A,U ATT GATGAC ttC MA GCT GM GAC TTTCAGATT GAAGG 900
Phe Pro Lys Leu Arg Ile Leu Arg Lys Vao Gtu Lys Ile Asp Asp Phe Lys Ala Giu Asp Phe Gin Ile Glu GZy

280 290 300

901 TAC MT CCG CAT CCA ACT AUt AAA ATG GMU ATG GCT GTT TAG GGTGCTTTCAAAGGAGCTTGAAGGATATTGTCAGTCTTAGT G 986
Tyr Asn Pro His Pro Thr Ite Lys Mfet Glu Met Ala Val *

310

987 TT000TGGATOOCCGAGGTAMAGTTCTTTTTGcTCTAAAAMAG TAGGTCA MAATTGTCCGTGACCTATCAGTTATTMAAMTTAAGAT 1086

1087 GTTOCCACTGGCAMTGTMCTGOGCCAGTTCTTTCCATMTAAMGTGCT GGTTAACTCACTGAGGGTATTGACATGCGAGTTATGACAAAG 1186

1187 TGAGGAGAATGAMTGTATGTGCTCTTAGCAAAAACATGTATGTGCATTTCAMTCCCACGTACTTATAAGAAGGTTGGTGAATTCACMCTATTU 1286

1287 GGAATATTTAGAATT TAAAATM CACAUGCTATTCCCtCAATCTGAGO GCTATGAGMAOACATCGATCATGATGTAOAGTGTGGATGAA 1386

1387 CTTTATAGTTGTTTTATATGTTGCTATMTAAAAOTGTTCTGC poly A 1431

Fig. 2. Complete nucleotide sequence of the cDNA insert in pcHTS-1. Nucleo-
tides are numbered in the 5' to 3' direction. Position 1 corresponds to the
first nucleotide of the ATG triplet coding for the initiator methionine. The
nucleotides on the 5' side of position 1 are indicated by negative numbers.
The predicted amino acid sequence of human thymidylate synthase is shown in
italics with asterisks at the stop codon. Polyadenylation signals are under-
lined. The amino acid residues are numbered beginning with the initiator
methi oni ne.
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10 2D 30 40 70
Human IRSPVAGSELPRRPLPPAAQERDAEPRPPHGVLGQ R VR DD TGTGTL V G YS R0E
L. casel MI- - - - - - - - L QYLDL K DE HF KRT0TGTEJSI H FD S KG
E. coi M- -- ---- - KIQY- ELJK DE TQ DRTGTGT I FGIHE M FN4QAG
T4 phage j- - - - - - - - j§jD LWKDU EN Y ETIAGT LIFSGL iD T KG

so 9D 100 1no 120
Human FPLLTTKRVFIMIGVLEELLW IKT AKE L----- - SSKIVKIWEIGSRDFL SLGFMTREE-----
L. casei FPILTTKLV7PFGLIKSE L IG TNII RF L - ---- --LQHRNHIIW EWAFEKWVKIDEYHGPDTDFGH
E. coli FPI TTKRHLRSIIH LQ TN I A L - -- -- --HENNVTII.EWADEN- -- -- -- -- -- -- -- --

T4 phage FVT LAIKA CIA 1WlLS VNLRLIQHDSLIQIKTVIL E|YENQAKMLGYHY- - - - - - - - -

130 140 150 160
Human---_ _ _ _ GDLGPVY F EgHIAEYRDMESDYS[QVDQ IQRIV-1
L. casei RSQKDPEFAAVYHEEMAKFDDRVLHDDAFAAKYGDLGIUVY S W AWH--------TSKrGIDTIIDQ GDIV1I
E.col-lK U AWP-- -- - - TPDRUIDQ TTIVLI
T4 phage K-----------I K1DEI!-K------------- II E JV

11010 190 21022023
Human [IK N p RRjI C WN R LMALPPCHALCQFYVVlESELSCQLYQR SG GL G V P F N I A S Y A L L TIY
L. casel E QI HPH ARhIVE 3TMALPPC YQFYVNDGKLSUQLYQRSA F|LGVPFNIASYALJLTH
E. coli NQLK DIPIRRI IIVS WN GLDKMAL[NPCHAFFQFYVADGKILSCQLYQRS1CIDVFILGILPFNIASYALLIVH
T4 phage [R LP EV SWNYAEILKY P YqHFRVHF YRL R SVVFLGL FNI VH

240 250 250 27Q.. 20 290
Human IDIAHI IT G TLIGFHL DAiHTIVLNHI0PL[I LQWEPRPPAF RLV D - - - - - - - - - - - -K-A
L. casel LVAE CLG L EGF I H FIGDAHEVNHLDQIEQ LSR LQLNPDKH F - - - - - - - - - - - - DM
E. col i NIAJQ CL E H SINHIMDQTHLQLISIR EPLLI1 KP FY - - - - - - - - - - - - RF
T4 phage TVSKMFCHGINT|8VEIQ C[gE RRE LVISGLPY3FR Y L S T K E Q L K Y V L K L R P

300 310
Human IQIE GYNPH TIM ElE V1
L. casei JDIKIYIIKPYDPlAIIKIA PVIAJ
E. coli IDFIE YDIPHP|GIIK|APIAI
T4 phage V VStLPGKM

Fig. 3. Comparison of the human and prokaryote thymidylate synthase
sequences. The amino acid sequences of the syrthase of man (this study, and
ref. 19), E. coli (21) and T4 phage (22) were deduced from the corresponding
DNA sequencesThe amino acid sequence of the L. casei enzyme (20) was de-
termined by amino acid sequence analysis. Amino acids are designated by
standard one-letter abbreviations. The prokaryote synthase sequences were
aligned with the human synthase sequence to give the best match. The amino
acid sequence is numbered for the human enzyme. The amino acid residues that
are identical in the human and prokaryote synthase sequences are boxed. Com-
pletely conserved sequences in the four species are indicated by solid bars
below the four sequences.

frame was completely consistent with that of the first 24 residues which we
have determined from the NH2-terminus of the human synthase purified from

moue transformant cells overproducing human thymidyalte synthase (19). The
deduced amino acid sequence was found to have sequence homologous with those
of the prokaryote thymidylate synthase in many regions as shown below.
Predicted Amino Acid Sequence

The predicted amino acid sequence of the human synthase was compared
with those of the three prokaryotic enzymes, i, e., of Lactobacillus casei
(20), E. coli (21) and bacteriophage T4 (22). As seen in Fig. 3, the amino
acid sequence has been highly conserved during evolution from bacteria to man.
Surprisingly, the homology between the human and bacterial amino acid
sequences is comparable to that between the prokaryotes (53% between man and
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E. coli and 60% between E. coli and L. casei). In addition, the T4 phage

synthase shows about 48% homology with both the human and E. coli enzymes.
In contrast, the amino acid sequence homology of the dihydrofolate reductase

of man (23) and E. coli (24) is only 25%. Comparison of the amino acid

sequences of human and prokaryote thymidylate synthases shows that the human
enzyme has about 30 extra amino acid residues in the NH2-terminal region

(Fig. 3). The region thereafter is rather conserved, inclucing some sequences

that are exactly the same in all four species; i.e. seven tripeptides, one

tetrapeptide and one octapeptide, as specified in Fig. 3. One of these

sequences, Thr-Thr-Lys (amino acid positions 75-77), is included in the region
identified as folylpolyglutamate binding sites in L. casei thymidylate
synthase (25). Another conserved tripeptide sequence, Pro-Cys-His (amino acid

positions 194-196), contains Cys-195 which is known to bind 5-fluoro-2'-deoxy-
uridylate (21,22). The other conserved sequences must also be essential for
thymidylate synthase activity.
Untranslated Region

The 5'-untranslated region of human thymidylate synthase mRNA has unique
structural features (Fig. 4): First, the G+C content of this region is very

high (80%), compared with those in the same region of known mRNA sequences
(26). Second, it contains triple tandemly repeated elements inmnediately
upstream of the ATG initiator codon. Two of those elements have exactly the

same 28-base sequence and the third element has the same sequence, but with a

six-base insertion and a one-base substitution (Fig. 4). This structure is
not present in the 5'-untranslated region of any other eukaryotic mRNAs, in-

cluding the housekeeping and non-housekeeping mRNAs listed in ref. 26, or

prokaryotic mRNAs (21,24,27,28) including Escherichia coli thymidylate synthase
mRNA. Third, each element of the tandem repeats contains the sequence CGCCGCG
(Fig. 4). The three repeats of this sequence in the 5'-untranslated region
are complementary with each other. Consequently, the nucleotide sequence in

the 5'-untranslated reigon of the synthase cDNA can form three interconverti-
ble secondary structures, each of which contains a stem-loop structure formed
by the association of the two CGCCGCG sequences as shown schematically in Fig.
4. This interconvertible structure is of interest in relation to possible
translational regulation of thymidylate synthase gene expression by its inter-
action with some cellular factors.

It remains to be investigated whether this unique structural feature has
functional significance. The tandemly repeated structure may not be an arti-
fact formed during cDNA cloning, since other independently isolated cDNA
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-64 -37
C-C-A-C-T-T-G-G-C-C-T-G-C-C-T-C-C-G-T-C-C C-G-C-C-G-C-GI

-36 y -3 +1
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. - = 3'~~~~~~~~~~~I
3<4

5' 1'( 3'

Fig. 4. Unique structural feature of the 5'-untranslated region of human
tfhymidylate synthase cDNA. (a) Sequence comparison of triple tandemly re-
peated elements. The numbering system of nucleotides is the same as in Fig.
2. The arrowhead indicates the position of base substitution. Inverted rep-
etitious sequences are boxed. The CCA sequences present on both sides of
each repeated element are underlined. Because of the presence of this
sequence, four kinds of base sequences are possible as a unit sequence of
triple tandem repeats. (b) Three possible interconvertible stem-loop
structures. The inverted repeat sequence CGCCGCG is indicated by thick
arrows. An ATG initiator codon is indicated by an open box.

clones, pcHTS-2 and pcHTS-3 (10), also have exactly the same nucleotide
sequence as that of pcHTS-l in their 5'-untranslated regions, except that
pcHTS-3 lacks 10 base pairs at the 5'-end of pcHTS-l (unpublished data). It
is also noted that the plasmid pcHTS-l is a functional cDNA clone, as
mentioned earlier, and the length of the 5'-untranslated region is not unusual
(20) and that hypoxanthine-guanine phosphoribosyltransferase cDNA (29) and
thymidine kinase cDNA (30) isolated from the same human cDNA library as we
used do not have this unique structure.

Two polyadenylation signal (AATAAA) sequences were found in the 3'-un-
translated region (nucleotide positions 1126 and 1414), as shown in Fig. 2.
We previously observed that a primary transformant 11-1 (FSthy-ll/thyH+-l)
and a secondary transformant D3 (FSthy-ll/thyH+-D3) produced active human
thvmidylate synthase mRNA with approx. 1,600 nucleotides, while a secondary
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transformant CO (FSthy-ll/thyH+-CO) produced the mRNA with approx. 1,400

nucleotides (9). The larger mRNA is very similar in size to the cDNA insert

in pcHTS-l, while the smaller mRNA is very similar in size to mRNA that might

be formed using the polyadenylation signal nucleotide position 1126. In this

connection, it is interesting that the dihydrofolate reductase gene of mouse

(31), Chinese hamster (32) and human (33) cells produces multiple poly-

adenylated mRNAs of distinct sizes , presumably formed using different poly-

adenylation signals in the 3'-untranslated region.
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